The ontogeny of pectoralis muscle bioenergetics was studied in growing Adélie penguin chicks during 21 the first month after hatching and compared with adults using permeabilized fibers and isolated 22 mitochondria. With pyruvate/malate/succinate or palmitoyl-carnitine as substrates, permeabilized 23 fiber respiration markedly increased during chick growth (3-fold) and further rose in adults (1.4-fold). 24
INTRODUCTION 44
Growing in the cold represents a major challenge for most polar endotherms as energy allocation for 45 growth and development is impaired by excessive energy expenditure for thermoregulation. 46
Regulatory heat production is thus classically associated with reduced growth rate (45). In Polar 47
Regions, endotherms face an additional constraint of temporal limitation as the summer period is 48 rather short. This situation is particularly challenging for Adélie penguin chicks (Pygoscelis adeliae) 49 that must rapidly grow, build up energy reserves, molt and develop efficient thermogenic 50 mechanisms to succeed in their departure to sea within the short Antarctic summer (10, 44). Such 51 rapid growth requires a maturation of tissue energetic processes able to sustain metabolic activity 52 but this remains unexplored. 53
Among tissues, the rapid development of skeletal muscle bioenergetics may be of primary 54 importance as skeletal muscle is the major tissue contributing to whole-body energy expenditure and 55 regulatory thermogenesis in birds (15, 16, 33, 34) and is essential for locomotion by walking on land 56 or swimming at sea in adulthood. Mitochondria provide most of the ATP required for metabolic 57 muscle cell processes via oxidative phosphorylation and the rapid response of energy demanding 58 skeletal muscles to metabolic challenges like growth, exercise or cold thermogenesis may depend on 59 the plasticity of their mitochondria (48). Increased metabolic capacity has been documented in 60 skeletal muscle mitochondria from cold-acclimated birds such as ducklings (5, 50) or king penguins 61 (16, 55) . No study has so far addressed the ontogeny of muscle mitochondrial bioenergetics in 62 growing penguins. 63
Two distinct populations of mitochondria exist in skeletal muscles on the basis of their sub cellular 64 localization, morphology and biochemical properties and they constantly adapt to cellular needs. 65 Subsarcolemmal (SS) mitochondria are located just underneath the sarcolemma and have a large, 66 lamellar shape while intermyofibrillar (IMF) mitochondria are smaller, more compact, and inserted 67 between contractile filaments (4, 16, 24, 37, 46). SS mitochondria exhibit lower enzymatic activities, 68 rates of oxidative phosphorylation and ATP synthase activity than IMF mitochondria. It was thus 69 postulated that SS mitochondria may provide energy for membrane-related events like signalling and 70 transport of ions and other substrates, while IMF mitochondria supply ATP for the interaction 71 between myofilaments leading to muscle contraction. In penguins or ducklings, SS mitochondria 72 were more affected by cold acclimation than the IMF ones with regards of their biochemical 73 parameters of protein content (16, 49) . 74
Mitochondria are dynamic organelles that adapt their morphology, number and activity by fusion 75 and fission events to the energetic requirements of the cell (36, 58). Fusion of isolated mitochondria 76 weighed and their respiration was monitored with an Oroboros® oxymeter at 38°C, the core 142 temperature in penguins, in a respiration buffer (K-MES 100 mM, KCL 30 mM, KH 2 PO 4 10 mM, MgCl 2 143 5 mM, EGTA 1 mM, fatty acid-free bovine serum albumin (FAF-BSA) 0.5%) using various substrates or 144 inhibitors (Pyruvate/Malate (PM) 5/2.5 mM, Succinate 5 mM, Palmitoyl-carnitine/Malate (PCM) 40 145 µM/2.5 mM). Phosphorylating state of respiration was determined in the presence of ADP (1 mM). 146
Non phosphorylating state was obtained by addition of oligomycine (1.25 µg/mL). The integrity of 147 mitochondria within permeabilized fibers was systematically verified by the absence of stimulation of 148 respiration by cytochrome c (10 µM) addition. Because of the late arrival on field of the Oroboros 149 oxymeter, measurements could not be measured immediately at hatching but only from D7. 150
Mitochondrial respiration and isolation 151
Pectoralis muscle intermyofibrillar (IMF) and subsarcolemmal (SS) mitochondria were isolated 152 following published protocols from our group (4, 16, 50), involving potter homogenization, partial 153 protease digestion, and differential centrifugations in an ice-cold isolation buffer (100 mM sucrose, 154 50 mM KCl, 5 mM EDTA, 50 mM Tris-base, pH 7.4) with all steps performed at 4°C. Final pellets were 155 re-suspended in 150-400 µL of storage buffer (250 mM sucrose, 1 mM EGTA, and 20 mM Tris base, 156 pH 7.4). Protein concentration of final mitochondrial suspensions was determined by the Biuret 157 method using bovine serum albumin as standard. Oxygen uptake was determined at 38°C in a 158 respiration buffer (120 mM KCl, 5 mM KH 2 PO 4 , 2 mM MgCl 2 , 3 mM Hepes, 1 mM EGTA, 0.3% FAF-159 BSA, pH 7.4) with a Clark oxygen electrode (Rank Brother LTD). Respiratory substrates were 5 mM 160 pyruvate plus 2.5 mM malate or 30 µM palmitoyl-carnitine plus 1 mM malate. The phosphorylating 161 respiration rate was initiated by the addition of 500 µM ADP. The basal non-phosphorylating 162 respiration rate was obtained by the addition of 1.25 µg.mL -1 oligomycin. Cytochrome c oxidase 163 (COX) activity was measured polarographically as described previously (3, 4, 16) on tissue 164 homogenates, isolated mitochondria and aliquots that were sampled at different steps of the 165 isolation procedure to estimate mitochondrial isolation recovery (16). Briefly, the COX activities of 166 the two fractions obtained after the first centrifugation of muscle homogenate, the supernatant 167 containing SS mitochondria and the pellet containing IMF mitochondria, were used to calculate the 168 mitochondrial recovery within the SS versus IMF compartments. 169
The activities of citrate synthase (CS; E.C. 4.1.3.7) and 3-hydroxy-acyl-CoA dehydrogenase (HAD; E.C. 170 1.1.1.35) were used respectively as indicators of the capacity for aerobic flux through the 171 tricarboxylic acid cycle and for flux through the β-oxidation pathway in the catabolism of fatty acids 172 and determined by fluorimetric techniques (34). Briefly, activities were determined on muscle 173 samples (10 mg) that were weighed and immediately homogenized in 0.3M phosphate buffer 174 containing 0.05% bovine serum albumin (pH 7.7) with a glass Potter-Elvehjem homogenizer. 175
Homogenates were frozen and thawed three times to disrupt the mitochondrial membrane. Enzyme 176 activities were determined at 25°C. Enzyme activities were expressed as µmoles of substrate per 177 minute per gram wet mass. 178
Western blot analysis 179
Mitochondrial extracts were prepared from frozen pectoralis muscles that were homogenized in a 180 glass Potter homogenizer in 5 mL of sucrose buffer (sucrose 100 mM, KCL 50 mM, EDTA 5 mM, Tris-181 base 50 mM, pH 7.4 + protease inhibitor cocktail (10 µL/mL, SIGMA P8340)). Cellular membranes 182 were eliminated by two centrifugations (800 g; 10 min; 4°C). Mitochondria were pelleted by two high 183 speed centrifugation (10000 g; 10 min; 4°C) and then resuspended in 70 µL of Ripa buffer containing 184 protease inhibitor cocktail (10 µL/mL). Mitochondrial protein concentration was determined by 185 bicinchoninic acid assay (Pierce, Rockford, IL) and 50 µg of denaturated protein were loaded for 186 western blotting. All samples were separated by electrophoresis on 7.5% SDS-polyacrylamide gels 187 and transferred to PVDF membranes. Monoclonal antibody was used to detect optic atrophy 1 188 
RESULTS

202
Body growth 203
Despite harsh climatic conditions encountered in the colony during Antarctic summer, chick growth 204 was remarkably rapid since body weight increased more than 25 fold during the first month of life 205 (Table 1) . 206
Permeabilized muscle fiber respiration rates 207
The ontogeny of muscle bioenergetics was first investigated by measuring the oxygen consumption 208 of permeabilized muscle fibers at different ages. Figure 1 reports fiber respiration using either 209 carbohydrate ( Figure 1A ) or lipid-derived substrates ( Figure 1B ). When energized with 210 pyruvate/malate/succinate (PMS), a standard carbohydrate substrate that provides electrons to 211 complex I+II of the respiratory chain, fibers exhibited a higher respiratory activity (two fold) than 212 when providing electrons to the same complexes, but with a donor originating from lipid metabolism 213 (palmitoyl-L-carnitine/malate (PCM)). During chick growth, respiratory activity markedly increased 214 after D15 (state 3: +164%; state 4: +151%). Fibers from adult birds showed the highest respiration 215 rate being 3-fold higher than at D15. Phosphorylating respiration rate was always higher than 216 nonphosphorylating respiration although the difference between both rates was smaller than 217 expected (+40-50%, p<0.05) indicating a small respiratory control ratio. This low ratio with 218 pyruvate/malate/succinate appeared to be based on a high stimulatory effect of succinate addition 219 on nonphosphorylating state while no major stimulation of phosphorylating state was observed. 220
Respiration rates with pyruvate/malate only (state 2) were much smaller than rates measured when 221 succinate was added ( Figure 1A ). Myofiber respiration with ascorbate/TMPD, a substrate of 222 cytochrome c oxidase (COX), increased from D15 ( Figure 1C ) and was 5-fold higher in adult fibers 223 than at D7 (p<0.05), suggesting a rise in the oxidative potential and mitochondrial abundance within 224 fibers. When expressed by COX activity in tissue homogenates ( The increase in mitochondrial yield with age was associated with a large rise in COX activity of muscle 236 homogenates (Table 1 ) between D1 and D7 (+146%; p<0.05) and a smaller rise until D30 (+32% vs D7; 237 +227% vs D1). COX activity was further increased in adult pectoralis muscles (+458% vs D1; +72% vs 238 D30; p<0.05). Changes in COX activity occurred in parallel with striking rises in CS and HAD activities. 239 CS activity increased 8.7-fold between hatching and 15-days of age (p<0.05) and then more than 240 doubled between 15 days and adults. CS activity in adult pectoralis muscle was 19-fold higher than in 241 newly hatched chicks. HAD activity increased 8.7-fold between hatching and 15-days of age (p<0.05) 242
and then doubled between 15 days and adults. HAD activity in adult pectoralis muscle was 13-fold 243 higher than at hatching. 244
In isolated mitochondria, COX activity was twice as high in the IMF as in the SS fraction in mitochondrial COX activity rose with increasing age in the isolates but this could reflect in part a 249 greater mitochondrial purity in the isolates with increasing age. COX activity was used to estimate 250 mitochondrial isolation recovery that varied with age, ranging between 6 to 25% for the IMF fraction 251 and between 12 to 23% for the SS fraction. Taking isolation recoveries and mitochondrial yields into 252 account, tissue mitochondrial content was calculated. Chick growth was associated with an increase 253 in the mitochondrial content of both muscle fractions but the rise mainly occurred during the first 254 week and mainly affected the IMF fraction (Table 1) . This led to a gradual increase in the proportion 255 of the IMF fraction in pectoralis muscle with an IMF/SS ratio doubling (+164%) between hatching and 256 1 month of age. In adults, the mitochondrial content of both fractions was further increased but this 257 rise affected more the SS (+200% vs D30, p<0.05) than the IMF (+40% vs D30) fraction. Consequently 258 the IMF/SS ratio markedly dropped in adult pectoralis muscles and the SS fraction accounted for one 259 fourth of total pectoralis muscle mitochondria. 260
Mitochondrial respiration rates 261 Figure 2 shows the mitochondrial respiration rates measured with either carbohydrate (PM) or lipid-262 derived (PCM) substrates. With both substrates, the respiration rate of IMF mitochondria was higher 263 than that of SS mitochondria but the differences between populations were reduced in adults as 264 compared with hatched chicks (e.g. phosphorylating rate of IMF with PM was 3.8-fold higher than 265 that of SS at hatching but only 2.1 higher in adults, Figure 2A & 2B). In both populations 266 phosphorylating respiration rate was always higher (10-fold in IMF and 6-fold in SS) than 267 nonphosphorylating rate (p<0.05) in a respiration buffer rich in FAF-BSA (0.3%). In IMF mitochondria, 268 except at D7 with PM ( Figure 2A ), nonphosphorylating respiration increased (p<0.05) from D15 and 269 respiration rates at D30 were similar to those attained in adults that were 81% (PM, Figure 2A ) and 270 57% (PCM, Figure 2C ) higher than at hatching (p<0.05). Phosphorylating respiration of IMF 271 mitochondria followed a similar ontogenic profile with both substrates, with a transient rise at D7 272 and then a marked increase from D15. The respiration rates attained in adults were 74% (PM, Figure  273 2A) and 120% (PCM, Figure 2C ) higher than at hatching (p<0.05). Respiration of SS mitochondria 274 followed a different ontogenic profile. With both substrates ( Figure 2B and 2D), nonphosphorylating 275 respiration decreased during the first 2 weeks post-hatching and then gradually increased but the 276 respiration rate in adults did not exceed that measured at hatching. Phosphorylating respiration of SS 277 mitochondria gradually increased with lipid-derived substrates ( Figure 2D ) during the first month 278 post-hatching (+76% between D1 and D30; p<0.05) while there was a non-significant trend with 279 carbohydrate substrates. With both substrates, the phosphorylating respiration rates of SS 280 mitochondria were markedly increased in adults being nearly doubled as compared with hatching. 281
When expressed per mitochondrial COX activity (Table 1) , mitochondrial phosphorylating respiration 282 with pyruvate/malate slightly increased from hatching to adulthood (0.17 ± 0.01 vs 0.22 ± 0.02 in IMF 283 and 0.08 ± 0.01 vs 0.11 ± 0.01 in SS from hatched chicks and adults, respectively, P<0.05). 284
Extrapolation of mitochondrial to pectoral muscle fiber respiration 285
When mitochondrial respiration was extrapolated to pectoralis muscle taking into account both 286 mitochondrial respiration (Figure 2 ) and muscle total (IMF+SS) mitochondrial content (Table 1) , an 287 ontogenic pattern closely similar to that observed with permeabilized fibers was found (Figure 3) . 288
With a carbohydrate substrate, respiration rate increased between D1 and D7 (phosphorylating: 289 +168%; non phosphorylating: +158%; p<0.05), remained stable until D15 and then increased again 290 between D15 and D30 and between D30 and Adult (respectively phosphorylating: +52% and +80%; 291 non phosphorylating: +17% and +75%; p<0.05). With a lipid derived substrate, phosphorylating 292 respiration increased between D1 and D7 (+131%), between D7 and D15 (+12%), and then between 293 D15 and D30 and D30 and adult (respectively +34% and +90%). substrates. With palmitoyl-carnitine, indeed, extrapolated respiratory rates exceeded fiber data by a 297 factor 2-2.5. With both substrates, extrapolated nonphosphorylating respirations were markedly 298 lower than those of permeabilized fibers, indicating a better coupling state of isolated mitochondria. 299
Expression of fusion proteins in growing chicks and adults 300
Two immunoreactive mitochondrial fusion proteins, mitofusin 2 protein (Mfn2) and optic atrophy 1 301 protein (OPA1), were detected by western-blots in penguin muscle mitochondria (Figure 4 ). Mfn2 302 penguin analog appeared as a duplicated band around 86 kDa. The relative abundance of both bands 303 decreased between D1 and D7 (-51%; p<0.05) then increased back to the initial level until D30 304 (+125% between D7 and D30; p<0.05) and further rose between D30 and Adult (+48%; p<0.05). The 305 relative abundance of Mfn2 bands was therefore 73% higher in muscle mitochondria from adult 306 penguins than in those at hatching. OPA1 penguin analogs appeared as 4 to 5 bands around 90-110 307 kDa. The relative abundance of all bands (without discriminating individuals bands) was measured 308 and data showed a slight rise (+30%) during the first month of growth and a further increase in adults 309 (+27%; p<0.05). The overall relative abundance of all OPA1 bands was therefore 90% higher in 310 muscle mitochondria from adult penguins than in those at hatching. Homogeneity of protein gel The present study showed for the first time the ontogeny in muscle bioenergetics in growing Adélie 324 chicks using permeabilized muscle fibers and isolated mitochondria. Data underlined the marked 325 increase in skeletal muscle oxidative activity from hatching to adulthood, the differential regulation 326 of mitochondrial muscle fractions and the parallel rise in mitochondrial fusion protein expression. 327
Comparison of permeabilized fibers and isolated mitochondria 328
Muscle bioenergetics was investigated using two complementary approaches, permeabilized 329 myofibres, where the sarcolemme is selectively permeabilized leaving the mitochondrial networks 330 intact within their native cytoarchitectural environment (29, 52), and isolated mitochondria, where 331 organelles are extracted by mechanical homogenization and differential centrifugations. Both 332 approaches differ in the morphological aspects of mitochondria that present either branched 333 elongated structures of heterogeneous size and shape in intact muscle fibers (32) or quasi-spherical 334 units of relatively homogeneous size and shape when isolated (4, 41). Recovery was low with isolated 335 mitochondria but within the range of published data in penguin muscle (16). Low recovery in newly-336 hatched chicks might potentially rely on small fibers more difficult to homogenize and to more fragile 337 organelles possibly lost during the isolation process. Both methods showed similar ontogenic 338 changes in Adélie penguin pectoralis muscle with clear increases in respiratory activity and COX 339 activity with age. Tissue state 3 respiratory capacity measured in permeabilized myofibers (Figure 1 ) 340 increased to a greater extent than biochemically measured COX activity in tissue homogenates (Table  341 1), as shown by the higher phosphorylating state with pyruvate/malate/ascorbate to COX ratio in 342 adults than at D7 (0.14 ± 0.02 vs 0.08 ± 0.01), supporting the notion of increased respiratory capacity 343 per mitochondrion during penguin growth and development. A similar trend was also observed with 344 isolated mitochondria. Fiber respirations compared with rates extrapolated from mitochondrial data 345 taking recovery into account (Figure 1 and 3 ) with substrates derived from carbohydrates. However, 346
with more complex substrates such as palmitoyl-carnitine or ascorbate-TMPD, higher respirations 347 were obtained with isolated mitochondria than with permeabilized fibers as already observed by 348 others using ascorbate-TMPD in rats (41). as assessed by phosphorylating to non phosphorylating respiration ratio, than that of permeabilized 365 fibers, as already observed by others (41). The high respiratory control ratio of isolated mitochondria 366 is likely related with the abundance of FAF-BSA used to trap most of uncoupling fatty acids in 367 mitochondrial preparations while BSA will hardly attain mitochondria within fibers. A rather low 368 respiratory control ratio of mitochondria within fibers is consistent with the high contribution of 369 proton leak (nearly one-half) to resting respiration reported in perfused skeletal muscle (47). 370
Increase in skeletal muscle oxidative capacity during post-hatching ontogenesis 371
Pectoralis muscle oxidative capacity, as assessed by COX activity of permeabilized fibers (Figure 1) or  372 homogenates (Table 1) , was increased nearly 6-fold between hatching and adulthood. This was 373 associated with striking rises in the activities of both CS and HAD (Table 1) . This ontogenic pattern is 374 similar to that described in other bird species including barnacle geese (8) or red-winged blackbirds 375 (34). In precocial eider ducklings, by contrast, muscle oxidative activity was much higher at hatching 376 than in adulthood in relation with a large increase in activity rapidly occurring in the peri-hatching 377 period (20). It follows that in rather altricial Adélie penguin chicks, pectoralis muscle is rather 378 metabolically immature at hatching, in agreement with poor thermoregulatory ability at that stage 379 (10), but rapidly acquires higher COX activity within the first week post-hatching (+146%). By 2-wks of 380 age, i.e. at a time where chicks acquire thermal emancipation and improved thermoregulatory ability 381 (10), pectoralis COX activity was increased 3-fold. Similarly, marked increases in aerobic and β-382 oxidative activities of skeletal muscles coincided with the ontogeny of thermoregulatory ability in 383 red-winged blackbirds (34) or increased thermogenic capacity in cold-exposed birds (1, 3, 16) . The 384 development of endothermy in Adélie penguin chicks may therefore depend on the biochemical 385 maturation of skeletal muscles, and especially pectoralis muscles devoid of locomotor function on 386 land. In adults, pectoralis muscle oxidative activity was further increased as compared with growing 387 chicks ( Table 1) 
Ontogenic changes in mitochondrial characteristics 394
Present data showed for the first time that the large rise in pectoralis muscle oxidative activity during 395 post-hatching ontogenesis relies on changes in mitochondrial abundance and functional 396 characteristics. Since mitochondrial COX activities measured in Adélie penguin muscle were in the 397 range of published data in birds (4, 16, 19) while muscle COX activity per unit weight of tissue was 398 much higher, especially in adult penguins, than in other birds, a large increase in inner membrane 399 area and a marked mitochondrial biogenesis must take place during post-hatching ontogenesis. It 400
should be large enough to overcome the expected increase in fiber size and myofibrils content that 401 takes place during growth as shown in chickens and that leads to an age-related decreased density of 402 mitochondria in muscle sections (6). As expected, IMF and SS mitochondria differed in their 403 biochemical and functional characteristics as already noted in birds and mammals (4, 14, 16, 24, 37, 404 46) with the SS mitochondria exhibiting lower enzymatic activities and rates of oxidative 405 phosphorylation at all ages. Recent findings also showed that SS and IMF mitochondria also differed 406 in size and shape (42). Such regional differences have been related to distinct local energy-consuming 407 mechanisms, namely muscle contraction for IMF mitochondria and the active transport of 408 metabolites through the sarcolemma for SS mitochondria (31). Present data showed that the 409 ontogenic profile differed between mitochondrial fractions with chick growth mainly affecting the 410 IMF fraction (Table 1) Mfn2 relative abundance concomitant to a marked rise in mitochondrial protein content during the 459 first week of penguin life could be interpreted as a required fission to enable an enhanced dynamic 460 mitochondriogenesis at that stage. However, increasing mitochondrial network complexity 461 (increasing mitochondrial fusion) is not consistently associated with higher respiratory capacity, as 462 for instance phosphorylating respiration did not differ between highly glycolytic muscle where 463 mitochondrial structure is more punctate and very aerobic muscle where mitochondrial structure is 464 more tubular/reticular in nature (40). This suggests that mitochondrial networking may not be the 465 only process regulating respiration and that intrinsic properties of mitochondria (40) also play 466 important roles. Alternatively, it cannot be excluded that the increased abundance of fusion proteins 467 with age and in adults might also contribute to create more sarcoplasmic reticulum -mitochondrial 468 tethers, as this occurs in mice striated muscle during postnatal development (9). Connections 469 between sarcoplasmic reticulum and mitochondria in active pectoralis muscle of penguins at sea may 470 provide a powerful local control mechanism for integrating Ca 2+ release/reuptake and ATP utilization 471 during muscle contraction with ATP production, muscle bioenergetics and lipid synthesis (51). 
